Oxidative modification of cytoplasmic RNA in vulnerable neurons is an important, well documented feature of the pathophysiology of Alzheimer disease. Here we report that RNA-bound iron plays a pivotal role for RNA oxidation in vulnerable neurons in Alzheimer disease brain. The cytoplasm of hippocampal neurons showed significantly higher redox activity and iron(II) staining than age-matched controls. Notably, both were susceptible to RNase, suggesting a physical association of iron(II) with RNA. Ultrastructural analysis further suggested an endoplasmic reticulum association. Both rRNA and mRNA showed twice the iron binding as tRNA. rRNA, extremely abundant in neurons, was considered to provide the greatest number of iron binding sites among cytoplasmic RNA species. Interestingly, the difference of iron binding capacity disappeared after denaturation of RNA, suggesting that the higher order structure may contribute to the greater iron binding of rRNA. Reflecting the difference of iron binding capacity, oxidation of rRNA by the Fenton reaction formed 13 times more 8-hydroxyguanosine than tRNA. Consistent with in situ findings, ribosomes purified from Alzheimer hippocampus contained significantly higher levels of RNase-sensitive iron(II) and redox activity than control. Furthermore, only Alzheimer rRNA contains 8-hydroxyguanosine in reverse transcriptase-PCR. Addressing the biological significance of ribosome oxidation by redox-active iron, in vitro translation with oxidized ribosomes from rabbit reticulocyte showed a significant reduction of protein synthesis. In conclusion these results suggest that rRNA provides a binding site for redoxactive iron and serves as a redox center within the cytoplasm of vulnerable neurons in Alzheimer disease in advance of the appearance of morphological change indicating neurodegeneration.
Free radical damage and oxidative stress play a pivotal role in the pathogenesis of Alzheimer disease (AD) 1 (1) (2) (3) . Although oxidative damage is well documented in AD (4 -9) , the sources of reactive oxygen species triggering such damage to various macromolecules is yet to be identified. Altered iron homeostasis is also reported in AD, including alteration in iron, ferritin, and transferrin (10 -15) . Interestingly, a recent study characterizes an iron-responsive element in the 5Ј-untranslated region of the Alzheimers A␤PP transcript, indicating the post-transcriptional regulation of A␤PP synthesis by iron (16) . Because redox-active iron (Fe 2ϩ , iron(II)) has a potential to produce a highly reactive ⅐ OH when it meets hydrogen peroxide (Fenton reaction; Fe 2ϩ ϩ H 2 O 2 3 Fe 3ϩ ϩ ⅐ OH ϩ OH Ϫ ), iron is considered as the likely candidate to mediate oxidative stress in AD.
Redox-active iron-mediated oxidative damage to nucleic acids has been extensively studied in DNA (17) (18) (19) . Although the radical species produced by the Fenton reaction in DNA oxidization is still controversial (20) , the location of oxidative damage is suggested as site-directed (21) .
As for RNA oxidization, recent studies have shown that the Fenton reaction oxidized and cleaved rRNA in cultured primary neurons (22) . RNAs are known to require divalent metals for functionality and proper folding. It is known that physiologically Mg 2ϩ is used for proper folding of RNAs (23) and redox-active iron has been shown to also bind with RNA at the metal binding site (24) .
Neurons are continuously exposed to reactive oxygen species, which are produced from the mitochondrial electron transport chain because of the high demand for molecular oxygen to maintain their function and metabolism (25% of total body oxidative metabolism is within the brain). To cope with this continuous reactive oxygen species production, neurons possess anti-oxidant machinery. Mitochondrial superoxide dismutase catalyzes the dismutation of superoxide to hydrogen peroxide, the latter being a membrane oxidant capable of reaching throughout the neuronal cytoplasm. Amyloid ␤ of senile plaques and other locations could also be a source of hydrogen peroxide, because it can catalyze superoxide dismutase-like reactions (25, 26) . To extinguish hydrogen peroxide, neurons have antioxidant machinery such as glutathione peroxidase and catalase. However, it is likely the mitochondrial abnormal-ities in AD (27) increase production of reactive oxygen species making more hydrogen peroxide available to catalyze the Fenton reaction (28) . Fenton chemistry may be the mechanism for the extensive damage to all categories of macromolecules characterizing AD.
Previously we demonstrated that cytoplasmic RNA of vulnerable neurons is consistently oxidized in AD-vulnerable neurons (5) . Because hydroxyl radical mediates oxidative modification of nucleic acids, in the present study we addressed whether redox-active iron is involved in the oxidation of cytoplasmic RNA in vulnerable neurons of AD, especially focusing on ribosomal RNA.
MATERIALS AND METHODS
Nucleic Acids-Bovine rRNA and tRNA were obtained from Sigma. For the preparation of mRNA, total RNA was extracted from M-17 neuroblastoma cells by using TRIzol LS reagent (Invitrogen, Carlsbad, CA) and then mRNA was purified with Oligotex mRNA Mini kit (Qiagen, Valencia, CA). Deoxyribonucleic acid was extracted by using Wizard Genomic DNA purification kit (Promega, Madison, MI).
Tissue-Brain tissue was obtained at autopsy from clinically and pathologically confirmed cases of AD (n ϭ 16) using National Institute of Aging and the Consortium to Establish a Registry for Alzheimers disease criteria (29) , and was compared with tissue from non-demented, age, and postmortem interval-matched control cases (n ϭ 16). Hippocampal tissue was fixed in methacarn (methanol/chloroform/acetic acid, 60:30:10, by volume) at 4°C for 15 h. Following fixation, tissue was placed in 50% ethanol, dehydrated in an ascending ethanol series, and embedded in paraffin, and sections (6 m thick) were mounted onto silane-coated slides. To assume that the mildly acidic nature of methacarn fixation does not alter metal ion binding to their tissue sites, some tissues were alternatively fixed in ethanol alone or left unfixed. No difference was seen between these preparation methods (30) .
Histochemistry-Redox staining was performed as previously published (30) . In brief, following deparaffinization in xylene and hydration, sections were incubated in 3% H 2 O 2 with 0.75 mg/ml DAB in 50 mM Tris/HCl, pH 7.6, for 2 h. For comparative analyses, slides were processed simultaneously and incubated with DAB for identical intervals.
Iron(II) and iron(III) staining was performed by using an Iron(II)/ Iron(III) detection kit (StressGen, British Colombia, Canada) following the manufacturer's direction. This iron detection method is a modification of the well established Prussian blue reaction (13) . This method involves binding of iron(II) cyanide (ferrocyanide) to iron(III) (for detection of iron(III)) or iron(III) cyanide (ferricyanide) to iron(II) (for detection of iron(II)) to give a brilliant blue mixed-valence iron(II/III) complex, which can be observed directly or that can be enhanced, based on the ability of the mixed-valence complex to catalyze a peroxidase-like H 2 O 2 -dependent oxidation of DAB (13) . The specificity of this reaction has been demonstrated by chelator or direct in situ catalysis of H 2 O 2 -mediated oxidation of DAB (13) . All treatments with nuclease or iron chelator were performed on adjacent serial sections.
For nuclease treatments, tissue sections were incubated with 1 mg/ml DNase I (Sigma) or 1 mg/ml RNase A (Sigma) overnight at 37°C. For iron chelation, tissue sections were treated with 100 mM deferoxamine mesylate (Sigma) overnight at room temperature.
Quantitation of Cytochemistry-Images were assessed by a Zeiss Axiocam digital camera (Carl Zeiss, Inc.) with a KS300 Imaging System quantitation program. The intensity of the cytoplasmic reaction was evaluated by outlining manually and measuring the OD of the cytoplasm of neurons, excluding the nucleus, in three adjacent fields of the stratum pyramidal of the CA1 field of the hippocampus. To focus on cytoplasmic iron, neurons with NFT were excluded. The OD measurement was obtained for each of the three fields and averaged. The OD value was corrected for background by subtracting the OD of the neurophil on the same section. Measurements were done under the same optical and light conditions, and an electronic shading correction was used to compensate for unevenness arising in the illumination.
Dot Blot Analysis-Unless specifically mentioned in the following section, for analysis of redox-active iron binding, nucleic acid solutions were prepared at a concentration of 3.5 mg/ml in 0.1% diethylpyrocarbonate-treated water and 1 l of the solution per each dot was blotted on positive charged nylon membrane (Hybond-N ϩ : Amersham Biosciences). Each dot blot analysis of RNA was done in triplicate. Following UV fixation, the membrane was incubated in 0.01 mM ferrous chloride and 0.01 mM ferric citrate in 12.5 mM MES buffer, pH 6.6, for 1 h at room temperature with gentle rocking. After rinsing with water, the membrane was incubated in 3% H 2 O 2 with 0.75 mg/ml DAB in 50 mM Tris/HCl, pH 7.6, for 6 min at room temperature. Iron(II) and iron(III) staining was performed by the Iron(II)/Iron(III) detection kit (StressGen). The semi-solid phase reaction between iron and RNA in dot blot analysis simulates the condition between redox-active iron and RNA in tissue. Because our finding of iron bound to RNA is based on this histochemical observation, we chose the dot blot approach to analyze our histochemical observations.
The blot image was captured immediately by using a scanner (Scan Jet 5370C; Hewlett Packard) and analyzed with the KS300 Imaging System quantitation program. The intensity of reaction was evaluated by measuring the mean OD of each dot outlined manually. The OD measurement was obtained for each of the three dots and averaged. The OD value was corrected by subtracting the background OD. In the case of the dot blot analysis for redox-active iron binding capacity in which different amounts of RNA were used, we assessed the sum of the OD area instead of the mean OD to measure the difference of iron binding when dot size varied.
For detection of iron and redox activity in ribosomes from brain tissues, after adjusting the concentration of samples with ribosomal buffer (20 mM Tris/HCl, pH 7.4, 150 mM KCl, 5 mM MgCl 2 ) each 1 l of sample was blotted on the nylon membrane and redox staining and iron(II)/iron(III) staining were performed as described above. To correct for differences of redox-active iron binding to ribosomes because of the difference of the concentration of iron in brain homogenate, iron binding to ribosomes in the brain homogenate was also evaluated. After adjusting the concentration of brain homogenate by the weight of brain tissue, we blotted 1 l of brain homogenate and examined iron(II), iron(III), and redox activity as mentioned. The OD of ribosome was divided by that of the brain homogenate corresponding to the ribosome sample and expressed as an arbitrary unit. For treatment of ribosome with proteinase K or RNase, the dotted membrane was incubated with 1 g/ml proteinase K or 1 mg/ml RNase A at 37°C for 2 h in Tris-buffered saline, pH 7.6.
To detect 8-OHG in RNA, 5 g of RNA samples were dot blotted on the positive charged nylon membrane (Hybond-N ϩ ). Following UV fixation, the membrane was incubated with 10% nonfat dry milk in Trisbuffered saline, pH 7.6, for 1 h at room temperature. The membrane was incubated with the monoclonal antibody 15A3 (1:500; QED Bioscience, San Diego, CA) overnight at 4°C and then incubated with a secondary peroxidase-conjugated goat anti-mouse antibody. The specificity of the anti-8-OHG monoclonal antibody on immunocytochemistry, Northwestern blot, and immunoprecipitation has been reported (5, 31) . In the present study, we also confirmed its specificity by antigen absorption with excess 8-OHG and omission of this antibody on immunoprecipitation (details presented under "Immunoprecipitation" below). Additionally, we found increased RNA oxidation in AD brain by analytical analysis of nucleic acids. 2 The signals were detected with ECL (Santa Cruz) according to the manufacturer's direction and the image was digitally captured. Optical density was analyzed with a KS300 Imaging System as stated above.
Oxidation of RNA by the Fenton Reaction-Two hundred l of RNA sample was incubated in an iron solution (200 M FeCl 2 and 200 M ferric citrate in 12.5 mM MES buffer, pH 6.6) at 4°C for 5 min and then hydrogen peroxide (10 mM final concentration) was added. After incubation for 30 min at 37°C, the reaction was terminated with deferoxamine (10 mM final concentration) and chilled on ice for 5 min. The oxidized RNA was precipitated with 3 M sodium acetate, pH 5.2, and 100% ethanol. The pellet was washed with 75% ethanol and dried for 5 min. It was resuspended in 20 l of 0.1% diethylpyrocarbonate-treated water.
Northwestern Blotting-Following oxidization, 20 g of an RNA sample was electrophoresed in 1.2% agarose/formaldehyde gels and capillary-transferred onto positive charged nylon membrane. The membrane was treated in the same manner as the dot blot analysis. The image was exposed to x-ray film (Kodak, Rochester, NY).
Electron Microscopy-Ultrastructural localization of redox activity with DAB was performed with tissue from a 75-year-old AD patient with a postmortem interval of 4 h. The tissue was fixed in 2% paraformaldehyde, 0.5% glutaraldehyde, 0.5 mM calcium chloride, 0.1 M sodium cacodylate, pH 7.4. After extensive washing in phosphate-buffered saline, the section was incubated in 100% normal goat serum, followed by rabbit anti-serum to DAB (gift of Dr. B. Erlanger, Department of Pathology, Columbia University, New York) (32) for 16 h at 4°C. Follow-ing rinsing, 17-nm gold-labeled goat antiserum to rabbit IgG was applied. The tissue was fixed in 2.5% glutaraldehyde and then post-fixed in 1.0% OsO 4 . The specimens were dehydrated and embedded in Spurrs medium, sectioned at 60 -100 nm, and contrasted with lead and uranyl salts. The specimens were examined in a Zeiss CEM 902 electron microscope at 80 kV.
Preparation of Ribosomes-Hippocampus from postmortem brain (about 2 g) was homogenized by using a glass homogenizer (pestle A 10 times then pestle B 10 times) in 9 ml of ice-cold ribosomal buffer containing 30 units/ml of RNase inhibitor (Roche Diagnostics, Indianapolis, IN). The homogenate was centrifuged at 13,000 ϫ g (Beckman JA20) for 10 min at 4°C. The supernatant (1 ml) was transferred onto a 15-40% sucrose gradient (11.5 ml) and then centrifuged at 35,000 ϫ g (Beckman SW 40Ti) for 2 h at 4°C. Optical density at 254 nm was measured using a UA-5 UV detector (ISCO) and fractions containing monosomes were collected. The fractions were transferred onto a 1 M sucrose cushion and centrifuged at FIG. 1. Redox activity is increased in CA1 pyramidal neurons in AD. A, tissue sections of hippocampus from AD and age-/PMI-matched control brains (control, n ϭ 5; AD, n ϭ 6) were examined by redox staining. The intensity of redox staining of pyramidal neurons in three fields of the CA1 region were analyzed in digitally captured images. AD cases show significantly higher levels of redox activity (ϮS.E.) in CA1 pyramidal neurons than controls (p ϭ 0.0021). B, redox staining of the cytoplasm from a representative case of AD was diminished by RNase A treatment, but DNase I treatment of serial sections had little effect in the cytoplasm or nucleus. C, pretreatment with deferoxamine considerably decreased the redox staining of the cytoplasm. Scale bar ϭ 10 m.
45,000 ϫ g (Beckman 50Ti) for20 h at 4°C. The pellet was reconstituted with 0.1% diethylpyrocarbonate-treated water and stored at Ϫ80°C.
In Vitro Translation-The poly(U) assay was performed as previously published (33, 34) . After oxidation of ribosomes from rabbit reticulocytes, 0.4 A 260 units of ribosomes was used as a component in the following 50-l reaction mixture (100 mM KCl, 20 mM Tris/HCl, pH 7.5, 1.0 mM GTP, 2.1 mM phosphoenolpyruvate, 0.3 IU of pyruvate kinase, 1.0 mM dithiothreitol, 10 mM MgCl 2 , 0.2 A 260 units of poly(U), 10 pmol of [ 14 C]Phe-tRNA, and saturating levels of 2 g of eEF-1A and 0.2 g of eEF-2). The reaction mixtures are incubated at 37°C for 5 min, and the reaction was terminated by the addition of 1 ml of cold 10% trichloroacetic acid. Then the reaction tubes were heated at 90°C for 15 min. Precipitated proteins were collected by vacuum filtration onto nitrocellulose filters (Millipore, Bedford, MA). Radioactivity was determined by liquid scintillation spectrometry.
Immunoprecipitation-Ribosomal RNA (1.5 g) that was purified from the ribosomes were incubated with 2.5 g of anti-8-OHG antibody 15A3 at 4°C for 1 h. The integrity and quality of rRNA were confirmed for each sample by gel analysis and spectrophotometry. A 260 /A 280 of each sample fell into the range from 1.8 to 2.0. To further confirm the purity of rRNA, we examined the presence of mRNA with poly(A) tails in the purified rRNA samples by using an Oligotex mRNA kit (Qiagen). mRNA was not detected in the samples from AD or controls. For negative controls, the primary antibody was omitted or preincubated with 24 ng/l of 8-OHG (Cayman Chemical, Ann Arbor, MI). Protein G Plus-agarose (20 l) (Santa Cruz Biotechnology, Santa Cruz, CA) was added and incubated with gentle rotation overnight at 4°C. The beads were washed three times with phosphate-buffered saline, pH 7.4, and 0.04% (v/v) Nonidet P-40 (Roche). Then the following reagents were added subsequently: 300 l of phosphate-buffered saline with 0.04% Nonidet P-40, 30 l of 10% (w/v) SDS, and 300 l of phenol/chloroform solution. The mixture was incubated at 37°C for 15 min (vortexed every 5 min) and separated into an aqueous phase and an organic phase by centrifugation at 14,000 ϫ g for 5 min. The aqueous phase was transferred to a new tube and mixed with 30 l of 3 M sodium acetate, pH 5.2, 2 l of 5 mg/ml glycogen, plus 750 l of ethanol. The sample was frozen at Ϫ80°C for 1 h and centrifuged for 20 min. The sample was washed with 75% (v/v) ethanol and air-dried. It was reconstituted with 15 l of diethylpyrocarbonate-treated water.
Reverse Transcription and Polymerase Chain Reaction-Immunoprecipitated rRNA was reverse transcribed to cDNA using a Retroscript kit (Ambion, Austin, TX) according to the manufacturer's directions, and then PCR was performed with specific primers and DNA polymerase (Ambion). The following primers specific for human 28 S and 18 S rRNA were used: 28 S forward, 5Ј-CGGATTCCGACTTCCATG-3Ј (nt 1635-1653: GenBank TM accession M11167), reverse, 5Ј-TGGTTCCCTCCGAAGTTTC-3Ј (nt 1973-1956); 18 S forward, 5Ј-CCCGAGATTGAGCAATAA-3Ј (nt 1470 -1487 GenBank accession X03205), reverse, 5Ј-GCCTCACTAAAC-CATCCAA-3Ј (nt 1738 -1720). The PCR conditions were 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 40 s. PCR products were examined on a 2% agarose gel stained with ethidium bromide.
RESULTS
In Situ Redox Activity and Redox-active Iron Are Associated with Cytoplasmic RNA in AD-We quantified the intensity of DAB staining in neuronal cytoplasm at the CA1 area in AD (n ϭ 6), and age-and PMI-matched control cases (n ϭ 5) (mean age (year) Ϯ S.D.: AD 73.83 Ϯ 6.68; control: 67.8 Ϯ 7.05; mean PMI (hour) Ϯ S.D.: AD 13.17 Ϯ 9.22, control: 16.36 Ϯ 7.19). We observed a significantly higher level of redox activity in AD than control (p ϭ 0.0021) (Fig. 1A) . Because this result is similar to that of cytoplasmic RNA oxidation of CA1 pyramidal neurons in AD (5), we examined the effect of RNase on redox staining. Pretreatment with RNase A essentially abolished redox staining in CA1 pyramidal neuron cytoplasm, whereas treatment with DNase I had no significant effect, suggesting the association of redox activity with RNA in the neuronal cytoplasm (Fig. 1B) . The iron chelator deferoxamine almost completely abolished cytoplasmic redox staining (Fig. 1C) . In contrast, adding iron treatment to sections prior to measuring returned redox activity with no difference between AD and control samples (data not shown). These observations suggest the possibility that the redox activity localized in the cytoplasm is because of iron associated with RNA in neurons.
To examine whether the redox activity in CA1 pyramidal neurons is derived from redox-active iron (Fe 2ϩ ), we investigated hippocampus by iron(II) staining (13) . In AD cases (n ϭ 4) the neuronal cytoplasm of CA1 pyramidal neurons was rRNA Oxidation by Ironstained clearly, whereas the staining was faint in age-and PMI-matched control (n ϭ 5) (mean age (year) Ϯ S.D.: AD 76.7 Ϯ 11.3; control: 76.6 Ϯ 8.11; mean PMI (hour) Ϯ S.D.: AD 17.5 Ϯ 14.6, control: 26.7 Ϯ 11.0) (Fig. 2, A and B) . This difference was also significant (p ϭ 0.0001; Fig. 2C ). RNase pretreatment almost completely abolished cytoplasmic iron(II) staining (Fig. 2E) , whereas DNase had little effect (Fig. 2F) , indicating the physical association of redox-active iron with RNA in the neuronal cytoplasm.
To get further insights into the association of redox activity and RNA, we examined the localization of the redox activity ultrastructually. Electron microscopic observation demonstrated the presence of redox activity in association with the endoplasmic reticulum, consistent with the involvement of RNA (Fig. 3) .
Ribosomal RNA Provides the Largest Site for Redox Iron Binding in Neurons-Because our histological study suggested the association of redox-active iron to RNA, we examined whether there is any difference of iron binding among RNA species. Purified bovine rRNA and tRNA, and mRNA from the M-17 human neuroblastoma cell line were compared for their ability to bind iron by dot blot analysis. Our preliminary experiment demonstrated that the amount of RNA or DNA blotted on the membrane is not saturated up to 10 g and revealed a positive linear relationship within this range (r 2 ϭ 0.9809 or r 2 ϭ 0.9977, respectively, data not shown). Therefore, we used 3.5 g of nucleic acids per dot in the following experiments for examining iron binding to nucleic acids. When equal amounts of RNA species were compared, rRNA showed significantly higher iron binding than tRNA (p Ͻ 0.0001) but similar iron binding to mRNA (Fig. 4A ). Then we considered the relative contribution of various RNA species to iron binding in a neuron. If we considered the ratio of rRNA:tRNA:mRNA to be 71:15:3, the ratio found in cells (35) , rRNA should have the largest iron binding capacity. Indeed, when we performed a dot blot reflective of this ratio (rRNA:tRNA:mRNA ϭ 3.5:0.74:0.15 g), rRNA showed the largest iron binding capacity (Fig. 4B) . Although we observed a significant difference of iron binding capacity between tRNA and rRNA (p Ͻ 0.0001), following denaturation of RNA, the iron binding capacity decreased significantly (p ϭ 0.0062) and the difference of iron binding capacity disappeared, suggesting the involvement of secondary or a higher structure in redox iron binding (Fig. 4C) .
Difference of Iron Bound to RNA Influences the Extent of
RNA Oxidation-Our findings from brain tissue sections suggested the physical association of redox-active iron to cytoplasmic RNA. Because free radicals mediate 8-OHG formation via the Fenton reaction (36), we hypothesized that iron bound to FIG. 3 . Ultramicroscopic localization shows redox activity is associated with the endoplasmic reticulum. Following redox DAB staining, and subsequent gold labeling with DAB antiserum, localization of DAB was examined by electron microscopy. The redox activity (arrows) is mainly associated with the endoplasmic reticulum adjacent to the nucleus (N). Scale bar ϭ 1 m.
FIG. 4. Redox iron binding to purified RNA.
A, following application of nucleic acids to dot blots, the membrane was incubated with a mixture of 0.1 mM ferrous chloride and 0.1 mM ferric citrate in MES buffer. In controls, nucleic acids were incubated with buffer alone. After the redox staining, the mean density of each dot was compared. The experiment was performed in triplicate and data are presented as mean Ϯ S.E. Note that rRNA shows about twice the redox-active iron binding capacity of tRNA (p ϭ 0.0001, t test). B, different amounts of RNA reflecting the RNA ratio of neurons (detailed under "Results") was blotted on membrane and then incubated with an iron mixture or buffer alone. C, effect of denaturation on redox iron binding was compared between tRNA and rRNA with or without denaturation by formamide and formaldehyde. Note, denaturation significantly decreases iron binding of rRNA (p ϭ 0.0062) and results in a level similar to that of tRNA.
rRNA Oxidation by IronrRNA is responsible for RNA oxidation in neurons vulnerable to AD. Inducing the Fenton reaction with 200 M ferrous chloride, 200 M ferric citrate, and 10 mM hydrogen peroxide resulted in cleavage of rRNA and formation of 8-OHG, as observed by Northwestern blotting (Fig. 5A ). Treatment with iron or hydrogen peroxide alone induced neither rRNA cleavage nor 8-OHG formation, indicating that both hydrogen peroxide and iron are required for rRNA oxidation.
To determine whether the amount of iron bound to RNA influences the extent of oxidative damage to RNA, we examined the formation of 8-OHG between tRNA and rRNA, which demonstrated a significant difference in iron binding capacity (Fig. 4A) . Following the oxidation of 200 g of RNA by the Fenton reaction, rRNA generated 13 times more 8-OHG than tRNA (Fig. 5B) .
Demonstration of Redox-active Iron Associated with Ribosomes Isolated from
Human Brain-To demonstrate the physical association of iron to ribosomes in brain, ribosomes were purified from hippocampus of AD (n ϭ 6) and age-and postmortem interval-matched and control (n ϭ 5) (mean age (Fig. 6A) . Following collection of the monosome peak (arrow) and further purification by ultracentrifugation through a 1 M sucrose cushion, we examined whether there is a difference in the amount of iron bound to ribosomes. We could not exclude the possibility that tissue iron would redistribute to ribosomes during the purification procedure and bias our data based on total iron content, which is reported greater in AD (37) . To address this effect in our analysis, we normalized the data to the amount of iron in purified ribosomes by the total iron found in the same brain homogenate. The iron(II) staining and redox staining on dot blotting showed that the density ratio of iron in ribosomes from AD is significantly higher than that of control (p ϭ 0.00089, p ϭ 0.032, respectively: Fig. 6B ). Although iron(III) staining revealed an increase of redox-inert Fe 3ϩ in ribosomes from AD, it did not reach statistical significance (p ϭ 0.051).
To determine whether the iron in ribosomes of AD is associated with ribosomal proteins or rRNA, we examined the purified ribosomes treated with either proteinase or RNase. Treatment with RNase A abolished iron(II) staining and significantly reduced redox staining, although treatment with proteinase K did not (p ϭ 0.00014 and p ϭ 0.021, respectively: Fig. 6C) . To exclude the possibility of contamination with ferritin polymers, we examined the ribosomal pellet by immunoblotting. Immunoblotting using an anti-human ferritin antibody did not reveal any bands in the ribosome pellet (data not shown).
We also addressed whether ribosomes purified from AD brain shows oxidative modification of rRNA. Although cleavage of the rRNA and presence of 8-OHG was examined by gel electrophoresis and dot blot analysis of ribosome samples, we could detect neither (data not shown). Because there is a possibility that the amount of 8-OHG did not reach the detectable level for dot blot analysis, we performed RT-PCR with primers specific for human 28 S and 18 S rRNA fragments following immunoprecipitation with anti-8-OHG monoclonal antibody (31) . Only the ribosomes from AD showed 8-OHG (Fig. 7) . PCR samples without reverse transcription, immunoprecipitation with omission of the primary antibody, or preincubation with 8-OHG did not show any amplification, confirming the specificity of the procedures.
Effect of Oxidized Ribosomes on in Vitro translation-To address the pathophysiological effect of iron-mediated oxidative stress to ribosomes, we oxidized ribosomes purified from rabbit reticulocyte and examined their effect on protein synthesis directed by poly(U) in vitro. The Fenton reaction successfully oxidized ribosomes, which was demonstrated by cleavage of rRNA (Fig. 8A) . After treatment, each ribosome sample was incubated with reaction mixture containing poly(U) mRNA, [ 14 C]Phe-tRNA, and elongation factors (see "Materials and Methods"). Ribosomes oxidized by the Fenton reaction showed a significant reduction of protein synthesis (p ϭ 0.0012; compared with control, Fig. 8B ). Although treatment with hydrogen peroxide showed a slight decrease of protein synthesis, it was not statistically significant (p ϭ 0.10; compared with control).
DISCUSSION
In this study we demonstrated the possibility that redoxactive iron plays a pivotal role in RNA oxidation in the vulnerable neurons of AD based on the following findings: 1) we showed a significant increase of redox activity and iron(II) in CA1 pyramidal neurons in AD compared with age-matched controls that are susceptible to RNase, suggesting the physical association of redox-active iron(II) to RNA in the neuronal cytoplasm. 2) Demonstration of redox activity associated with the endoplasmic reticulum at the ultrastructural level.
3) Dot blot analysis showed that among the major RNA species in a neuron, rRNA has the greatest redox iron binding capacity. 4) Reflecting the difference of bound iron, the great- FIG. 5. rRNA is oxidized by the Fenton reaction. A, rRNA was treated with iron and/or hydrogen peroxide (detailed under "Results") and then electrophoresed on a 1.2% agarose formamide/ formaldehyde denaturing gel. Note that rRNA was cleaved by the Fenton reaction (left). Northwestern blotting by anti-8-OHG antibody was performed on a membrane transferred from the presented gel (right). Note that 8-OHG was formed by the Fenton reaction. B, difference of the amounts of 8-OHG formation between tRNA and rRNA. Equal weight (200 g) of RNA was oxidized (ox) by the Fenton reaction. The formation of 8-OHG was examined by immunodot analysis using a monoclonal antibody (15A3) to 8-OHG. The oxidation of rRNA produced 13 times more 8-OHG than tRNA (p Ͻ 0.0001, comparison between ox-tRNA and ox-rRNA), expressed as mean density Ϯ S.E. from experiments done in triplicate.
rRNA Oxidation by Ironest amount of 8-OHG was found in rRNA. 5) Ribosomes purified from hippocampus of cases of AD were oxidized and showed a significantly higher amount of redox-active iron(II) than control and the iron(II) bound to ribosome were also susceptible to RNase. Furthermore, we addressed the biological effect of oxidization of ribosomes mediated by redoxactive iron on protein synthesis and found that it causes significant reduction of protein synthesis.
Redox-active Iron in Neuronal Cytoplasm of Pyramidal Neurons-In the present study, we used methacarn-fixed tissues, which augments the iron detection sensitivity in human tissue. We previously found that even a brief postfixation with formaldehyde (3.7%, 5-60 min at room temperature) reduced iron labeling in a time-dependent manner (13) . We also confirmed that iron localization in methacarn-fixed tissue is similar to that found in sections made from frozen blocks, which were neither fixed nor embedded, suggesting that iron localization is not a result of tissue fixation or embedding (13) .
In AD, heme oxygenase-1 immunoreactivity is significantly increased in the cytoplasm of pyramidal neurons in the hippocampus (38) . Although the source of iron is unknown, it is of note that the pattern of redox-active iron in pyramidal neurons is strikingly similar to the localization of heme oxygenase-1 and that it is the amount of redox-active iron that is critical to the differences in redox activity between cases of AD and control. Because iron(II) is a product of the heme oxygenase reaction, our observation of the localization of iron(II) in the cytoplasm of the CA1 pyramidal neurons in hippocampus is intriguing. This fact may suggest that heme oxygenase-1 is involved in the production and accumulation of iron(II) in the cytoplasm of CA1 pyramidal neurons.
Hippocampus in cases of AD was reported to accumulate iron (39) . Because the abnormality of mitochondria turnover was suggested in the AD brain, there is a possibility that accumulated iron is derived from turnover of the heme-containing enzymes of mitochondria (27) .
Iron Binding to RNA-Because most catalytic RNAs depend on divalent metal ions such as Mg 2ϩ for folding and catalysis, direct binding of divalent metal ions to RNA is used to probe the structure of RNA and their high affinity metal binding site (24, 40) . Berens et al. (24) investigated the metal ion-binding site of the group I intron. Fe 2ϩ -induced Fenton chemistry was used to take advantage of the ability of Fe 2ϩ to functionally and structurally replace Mg 2ϩ at ion-binding sites. At the site, iron can generate short-lived and highly reactive hydroxyl radicals that can cleave nucleic acid and protein backbones in spatial proximity of these ion-binding sites (24) . They showed that Fe 2ϩ -induced Fenton reaction yields distinctly cleaved regions that occur only in the correctly folded RNA in the presence of Mg 2ϩ and can be competed by additional Mg 2ϩ , suggesting that Fe 2ϩ and Mg 2ϩ interact with the same sites. Of course we could not exclude the possibility of another type of metal ion binding mode to RNA (41) .
It is known that specific metal binding motifs in RNA tertiary structures exist. Of note is the major groove of tandem G-U pairs. The major groove edge of guanosine (through the O6 and N7 atoms) is a particularly common ligand of magnesiumbound water (42) . This motif creates a cavity that possesses an unusually negative potential and provides a good ligand for metal ions and coordinated water molecules (43) . Because this motif provides a metal binding site where metal ions are accessible on the outer sphere of RNA molecules, it may be important for binding of redox-active iron.
Biological Effect of Ribosome Oxidization by Redox-active Iron-Reduction of protein synthesis has been suggested in AD (44, 45) . Langstrom et al. (46) reported that polysomes purified from the AD frontal cortices showed 50% reduction of the translational activity per unit polysome than that of control. Although increased phosphorylation of eEF-2 in AD brain (that FIG. 6 . Ribosomes from AD demonstrate redox-active iron. A, representative ribosome profile purified from AD and control hippocampus. Following ultracentrifugation of the postmitochondrial fraction on 15-40% sucrose gradients, the ribosome profile was determined using a UV spectrometer. AD and control hippocampus showed similar ribosome profiles. Arrows indicate monosome peaks. B, purified ribosomes from AD and control hippocampus were blotted on membranes and examined for their content of iron(II), iron(III), and redox activity as described under "Materials and Methods." Iron(II) and redox activity in AD were significantly higher than that in control (p ϭ 0.00089 and p ϭ 0.032, respectively). C, effect of RNase on iron(II) and redox activity in ribosome from AD. Dot blots of ribosomes from AD were treated with RNase A or proteinase K, followed by subsequent iron(II) and redox staining. Note that both iron(II) and redox staining are susceptible to RNase but resistant to proteinase.
rRNA Oxidation by Ironresults in inhibition of translation) was reported (47) , the mechanism of reduced protein synthesis in AD brain is still unclear. Because we added active eEFs (eEF-1 and eEF-2) separately in the poly(U) assay system, we negated the effect of inactivation of eEF-2 by oxidization mediated via redox-active iron. Our results suggested that oxidization of ribosome by redox-active iron could be the direct cause of protein synthesis reduction in AD, whereas the question of what type of oxidative modifications (cleavage of sugar backbone, base modification, depurination, cross-linking etc.) are the most responsible for this inhibitory effect remains to be answered.
Ribosomes consist of rRNA and ribosomal proteins. Therefore, ribosomal proteins would also be oxidized by the Fenton reaction. Although it has been demonstrated that protein synthesis is catalyzed by the RNA of the ribosome and ribosomal proteins are abundant everywhere on its surface except in the active site where peptide bond formation occurs and where it associates with the small subunit (48), we could not conclude whether oxidative modification of RNA of the ribosome or ribosomal proteins is responsible for the decrease of protein synthesis.
Although the exact mechanism that makes a difference of 8-OHG formation among different RNA species through the Fenton reaction is still unclear, it has been shown that the production of 8-hydroxydeoxyguanosine is significantly increased when iron(II) is allowed to associate with deoxyguanosine prior to administration of H 2 O 2 (36) . This finding is consistent with our results that the difference of iron bound to RNA may result in the difference of oxidative damage to the RNA.
In conclusion, we showed that redox-active iron bound to ribosomes oxidizes rRNA in AD. Other redox-active metals could also be involved, and will be the topic for future studies. A case for copper has been made in AD pathophysiology based on increased levels (37) and that copper has specific high affinity interaction with A␤ (49, 50) , binding to A␤/A␤PP, playing a role in regulating oxidative stress (51, 52) . Following treatment, each sample was transferred to reaction mixtures containing all the components necessary for the poly(U) assay and then in vitro translation was performed. After precipitation of protein from each reaction mixture, radioactivity was counted. This experiment was performed in triplicate. Oxidization by the Fenton reaction resulted in significant reduction of protein synthesis (p ϭ 0.0012, compared with control). No ribosomes denotes that poly(U) assay was performed without ribosomes. Untreated means the poly(U) assay was done by using untreated (with no sham operation) ribosomes.
